and h.siebner@drcmr.dk immobilization were blocked by concurrent training of the non-immobilized finger. Conversely, immobilization of the non-trained fingers accelerated learning during the first two days of training. The results provide novel insight into usedependent cortical plasticity, revealing synergistic rather than competitive interaction patterns within M1HAND.
Use-dependent plasticity of motor representations in the primary motor 3 hand area (M1HAND) plays a critical role for learning dexterous movements (Plautz 4 et al., 2000; Mawase et al., 2017; Lemon, 1999) . In humans, motor representations 5 within M1HAND are dynamically shaped by sensorimotor experience (Siebner and 6 Rothwell, 2003; Classen et al., 1998) . Use-dependent representational plasticity 7 has been extensively studied in rodents (Alaverdashvili and Paterson, 2017; Kleim 8 et al., 1998) and monkeys (Nudo and Milliken, 1996; Nudo et al., 1996; Schieber 9 and Deuel, 1997) , suggesting a competition between cortical motor 10 representations In monkeys, trained representations in M1 expanded at the 11 expense of the representational zones of the adjacent body parts (Nudo et al., 12 1996) . In contrast, long-term sensorimotor immobilization led to shrinkage of the 13 "restricted" corticomotor representations, boosting the adjacent representations 14 as in monkeys and rodents (e.g. Milliken immobilization attenuated corticomotor representation (Liepert et al., 1995) . 27 While these studies provided converging evidence that training and 28 immobilization are powerful drivers for plasticity in M1HAND, it remains to be 29 clarified how experience-driven changes of distinct motor representations within 30 M1HAND interact and determine within-area plasticity of human M1HAND. 31 To address this question, we investigated how finger-specific visuomotor training 32 or immobilisation interactively shape representational plasticity within human 33 M1HAND. We hypothesized that finger-specific training or finger-specific 34 immobilization would impact on the skill level and cortical representation of the 35 finger that was not targeted by the intervention (i.e., non-trained or non-36 immobilized finger). 37
Despite widespread and intermingled motor representations in primate M1HAND 38 (Georgopoulos et al., 1999) , there is a consistent latero-medial somatotopic 39 gradient of the abductor digiti minimi (ADM) and first dorsal interosseus (FDI) 40 muscle (Beisteiner et al., 2004; Beisteiner et al., 2001; Gentner and Classen, 2006; 41 Quandt et al., 2012) . We have recently introduced a novel neuronavigated TMS 42 mapping approach which readily reveals the somatotopic arrangement of the 43 ADM and FDI representations within M1HAND (Raffin et al., 2015) (Dubbioso et al., 44 in prep.). Here we exploited this TMS mapping approach to probe within-area 45 somatotopic re-arrangement of motor finger representations in response to 46 training or immobilisation of specific fingers. 47
Our experimental approach enabled us to test whether within-area plasticity in 48 M1HAND is characterized by competition or cooperation. Training-induced 49 strengthening of one motor representation may occur at the expense of the non-50 trained motor representations. This competition may be particularly expressed 51 when one motor representation is strengthened by training and the other is 52 weakened through immobilization. Alternatively, experience-induced plasticity 53 induced by finger-specific changes in sensorimotor experience may be mutually 54 synergistic, benefitting also motor representations that are not directly targeted 55 by training. A cooperative and synergistic mode of interaction implies that 56 training of one motor representation would not benefit from concurrently 57 weakening another one by immobilization. The prediction would rather be that 58 the strengthening of the trained motor representation would stabilize the 59 deprived motor representation. To test which mode of interaction characterizes within-area representational 64 plasticity within human M1HAND, healthy right-handed volunteers performed two 65 sessions of a visuomotor tracking task one week apart (Fig. 1a ). The tracking task 66 required subjects to tracking a moving line with the left index or little finger ( Fig.  67 1a). The tracking task was programmed as application on a smartphone which 68 was attached to a wooden platform. The wrist and the non-trained fingers were 69 fixed to the platform with Velcro strap to stabilize their position and to minimize 70 co-contraction during tracking. 71
Participants were assigned to three groups, which were exposed to different 72 sensorimotor experiences during the week between the two experimental 73 sessions ( Fig. 1b ). Group A trained the same task with either their index or their 74 little finger three times ten minutes a day, while task difficulty gradually increased 6 from day to day. Group B underwent finger immobilization without any training 76 (Group B). Group C received the same training as group A but with their adjacent 77 fingers immobilized. Learning performances were quantified globally and 78 gradually during the week using the absolute deviation between the target line 79 and the movement performed by the subjects (Fig. 1c ). Using neuronavigation, 80 TMS was applied to seven M1HAND targets which reflected the individual shape of 81 the central sulcus (i.e., the "hand knob") (Raffin et al., 2015) . Sulcus-shape based 82 TMS mapping was performed at baseline and after one week to capture 83 experience-dependent changes in mediolateral cortical representations of left 84 ADM and FDI muscles in the right M1HAND. 85
86
Results. 63 healthy volunteers were either exposed to one week of finger training, 87 finger immobilization or finger training combined with immobilization of the 88 remaining fingers. One week of finger-specific training or immobilisation was 89 sufficient to shape dexterity as well as muscle-specific corticomotor 90 representations in human M1HAND. Critically, each intervention had different 91 effects on manual tracking skill and produced different patterns of within-area 92 reorganization in human M1HAND. 93
94
Changes in visuomotor tracking performance. We assessed the cumulative 95 improvement in tracking ability using the percentage change in tracking accuracy 96 at day 8 relative to baseline performance at day 1 (Fig. 2 , left panel). Please note 97 that the visuomotor tracking tasks performed at day 1 and 8 were matched in 98 difficulty ( Fig. 1c) . A mixed ANOVA including all three interventional groups 99 revealed a significant effect for the finger targeted by the interventions (F(1,52) = 7 52.31, p < 0.001). This was due to an overall increase in tracking accuracy for the 101 trained finger (Group A and C) or not immobilized (Group B) relative to the non-102 trained finger (Group A) or immobilized finger (Group B and C). The relative 103 improvement in accuracy for the targeted finger depended on the type of 104 intervention (F(2,52) = 10.05, p < 0.001), while there was no systematic difference 105 in the amount of overall learning between the little or index finger (F(1,52) = 1.88, 106 p = 0.18). A mixed ANOVA only including the data obtained in two learning groups 107 (Group A and C) yielded similar results. There was a main effect for the finger 108 Figure 3 and Table 1 approximately here.  152 153 Day-to-day changes in finger tracking performance. We analysed the 154 behavioural data that had been recorded on the smartphone during home-based 155 training sessions from day 2 to 7. Tracking accuracy was normalized to the gradual 156 increase in difficulty level of the task from day to day. Daily training resulted in a 157 gradual improvement of tracking skill ( Fig. 3a ). Mixed-effects ANOVA showed a 158 main effect of day of training F(3.24,37) = 15.6, p < 0.001) which did not differ 159 between training with the index or little finger (F(1,37) = 3.29, p = 0.08. While the 160 total amount of performance improvement from baseline to day 8 was similar 161 between group A and C, we found differences in the dynamics of day-to-day 162 learning in the trained fingers between Group A and C ( Fig. 3a & b ). This was 163 confirmed by a day of training by type of intervention interaction (F(5,37) = 2.54, p = 164 0.03). The immobilization of the adjacent fingers accelerated early learning in 165 group C. Group C showed a better tracking accuracy on days 3, 4 and 5 relative to 166 Group A in which finger tracking was trained without concurrent immobilisation 167 of the adjacent fingers (see Fig. 3a & b for the incremental learning curves for both 168 trained fingers and Table 1 
for post hoc t-tests comparisons). 169
When learning was performed without concurrent immobilisation, the amount of 170 early learning (mean of day 2 and day 3) correlated with the magnitude of late 171 learning (mean of day 6 and day 7), suggesting a linear increase in skill over 172 consecutive days (Group A, r = 0.72, p < 0.001, Fig. 3c ). This gradual continuous performance gain was not found when learning was combined with 174 immobilisation of the adjacent fingers (Group C; r = -0.16, p = 0.49, Fig. 3d ). mapping at an inter-stimulus interval of 2 ms was used to examine the magnitude 245 or spatial distribution of short-latency intracortical inhibition (SICI). The overall 246 strength of SICI, as reflected by the AUC of SICI across all stimulation sites 247 (AUCSICI), was modified depending on the type of intervention. Only participants, 248 who had been practicing visuomotor tracking movements for a week, showed 249 reduced SICI in the trained muscle representation as revealed the mean AUCSICI 250 ( Fig. 6 ). Mean AUCSICI showed an interaction between type of intervention and 251 session for SICI in the trained finger muscle (F(2,56) = 1.4, p = 0.037). We calculated 252 the ratio between AUCSICI on day 8 and AUCSICI at baseline to quantify the Table 2 ). The forward stepwise multiple regression model was 307 significant (F(1,21)=7.14, p=0.014) and explained approximately 20% of the 308 variance in overall finger tracking learning. For exploratory purposes, we also 309 performed Pearson's correlation analyses, which showed a positive correlation 310 between learning from day 1 to day 8 and the relative AUC increase in the trained 311 muscle (r = 0.5, p = 0.014, for all the other correlations: p> 0.05, corrected for 312 multiple comparisons). 313
In the group in which training and immobilization were combined (group C), the 314 forward stepwise multiple regression model was not significant ( Table 2) . 315
However, in line with the finding in group A, group C displayed a trend-wise 316 positive correlation between the total learning and the AUC increase in the trained 317 muscle (r = 0.42, p = 0.05). 318
319
We also tested which TMS-derived measure of representational plasticity predicts 320 improvement in tracking skill in the non-trained muscle. In the learning-only 321 group (group A), regression analysis revealed that the increasing proximity of the corticomotor representations of the FDI and ADM muscle predicted individual 323 acquisition of visuomotor tracking skill with the non-trained finger (Beta: -0.51, 324 p=0.012, Table 2 ). The forward stepwise multiple regression model on the total 325 learning was significant (F(1,21)=7.48, p=0.012) and explained approximately 20% 326 of total variance. The more the two muscle representations converged, the 327 stronger was the amount of learning transfer to the non-trained muscle (r = -0.47, 328 p = 0.023, for all the other correlations: p> 0.05). This was not the case in group C, 329 the forward stepwise multiple regression model was non-significant (see extend these studies in two directions. Firstly, we show that a partial fusion of 389 cortical motor representations does also occur within the cortical motor area 390 presenting the same body part. Secondly, the results indicate that learning 391 transfer of motor skills may at least partially be mediated within the primary 392 motor cortex, possibly through a stronger overlap of functional representations. 393
The prevailing notion is that learning transfer is mainly mediated through 394 intermediate motor representations in premotor and parietal areas, which encode 395 general knowledge of visuomotor predictions and skills (Grafton et al., 1998; 396 possibility that some learning transfer might actually occur at the executive level 398 in the M1HAND through shared cortical motor representations. This hypothesis is 399 in line with a recent study showing that the "trained" motor representation may 400 contribute to intermanual transfer by "educating" the untrained motor 401 representation or supporting the exchange of information between them (Gabitov 402 et al., 2015) . When training was combined with immobilization, sulcus-shape based TMS 445 mapping of SICI revealed a more selective disinhibition of intracortical GABAergic 446 circuits in the M1HAND (Fig.7 , Group B1 and B2). Relative reduction in SICI was limited to the trained muscle, while the immobilized muscle showed no consistent 448 change (Fig. 8 ). We hypothesize that the muscle-specific attenuation of 449 intracortical disinhibition in the trained muscle might have contributed to a faster 450 learning rate during the first days of learning in the combined learning-451 immobilisation group. This hypothesis is supported by the observation that the 452 rapid increase in tracking performances correlated with the reduction in SICI 453 obtained after one week. Although speculative, it is possible that SICI reduction 
Experimental design 513
Using a parallel-group design, participants were randomly assigned to one of three 514 interventions (Fig. 1b) . Group A (n=23, 12 females, mean age: 27.4 years) had to 515 train a visuomotor tracking task for one week. The tracking task was programmed 516 as application on a smartphone. The smartphone was attached to a wooden 517 platform. The wrist and the non-trained fingers were fixed to the platform with 518
Velcro strap to stabilize their position and to minimize co-contraction during 519 tracking ( Fig. 1a) . At the inclusion (Day 0), we performed a careful multi-channel 520 EMG measurement to ensure that participants were only activating the target 521 muscle during tracking while keeping all other muscles relaxed.
Participants were required to make smooth abduction-adduction finger 523 movements to follow a moving dot on the smartphone screen. Visuomotor 524 tracking was either carried out with the left index finger involving the first dorsal 525 interosseus (FDI) muscle (group A1; n= 10) or left little finger involving the 526 abductor digiti minimi (ADM) muscle (group A2; n=13). Group B (n=19, 7 females; 527 mean age: 26.1 years) performed no training, but digits III to V (Group B1; n= 10) 528 or digits II to IV (Group B2; n=9) were immobilized. Group C (n=21, 8 females; 529 mean age: 28.4 years) performed the same training task as group A for one week, 530 but the adjacent fingers were concurrently immobilized. 10 participants (Group 531 C1) trained with the index finger, while digits III to V were immobilized ( Figure  532 1b). 11 participants (Group C2) trained with the little finger, while digits II to IV 533 were immobilized. Visuomotor tracking performance was assessed in the 534 laboratory at baseline (day 1) and post-intervention (day 8) using the same 535 tracking task as for training. Performance was tested at a low difficulty level, 536 which was identical for day 1 and 8 (level 1). 537
Using neuronavigation, sulcus-shape based TMS mapping of the corticomotor 538 representations of the left FDI and ADM muscles was carried out on day 1 and 8. 539
We applied single-pulse TMS to trace changes in the spatial profile of FDI and ADM 540 representations along the hand knob in the right primary motor hand area 541 (M1HAND). We performed the same mapping procedure with paired-pulse TMS to 542 assess changes in magnitude and spatial distribution of short-latency intracortical 543 inhibition (SICI). We also performed functional MRI during visuomotor tracking 544 on day 1 and 8. These data will be reported separately. 545 546
Finger tracking training 547
Participants assigned to group A or C performed daily visuomotor tracking 548 exercises with a dedicated smartphone for one week (Fig.1c) . Participants had to 549 track a moving line with a dot controlled by their index or little finger. Daily 550 training lasted 30 minutes and was distributed over three separate sessions to 551 avoid fatigue. The difficulty of visuomotor tracking was step-wise increased from 552 day 2 to day 7 and tracking performance was recorded on the smartphone. The 553 velocity and the range of motion on the horizontal axis increased sequentially 554 from level 1 (baseline level) to level 24 (highest level) to allow fair comparison 555 between subjects. Hence, the tracking task became gradually more challenging for 556 all the participants across the training week, starting from really slow movements 557 requiring a maximum of 20 degrees of abduction-adduction to fast tracking 558 requiring 60 degrees abduction-adduction. The time line of visuomotor training is 559 illustrated in Figure 1d . 560 561
Finger immobilization 562
In group B or C, three adjacent fingers were immobilized in a syndactily-like 563 position for the entire week (day 1-7) by means of an individually shaped splint. 564
The splint was made up of a rigid plastic form, covered with soft tissue, placed at 565 the level of second phalangeal joint. We took care to ensure that the fingers were 566 immobilized in a physiological position to prevent pain, swelling, or excessive 567 sweating. The device was effective in restricting abduction-adduction and 568 flexion-extension movements of the constrained fingers. Subjects were still able 569 to perform a number of daily-life motor activities with the non-immobilized 570 fingers of the left hand. Splint-wearing participants were only allowed to remove 571 the splint during their daily washing procedures. In group C, participants performed additional training and were asked to take the splint off for training to 573 match training conditions to group A (training without immobilisation). All 574 participants tolerated immobilization without reporting problems. In particular, 575 none of them experienced sustained pain during or after wearing the splint. 576 577
Transcranial magnetic stimulation 578
Resting motor threshold. First, the site at which a single TMS pulse elicited a 579 maximal motor response was determined for the left FDI muscle. The resting 580 motor threshold (RMTFDI) was then determined at this stimulation site using the 581 Parameter Estimation by Sequential Testing (MLS-PEST) approach (Awiszus, 582 2003) . Stimulus intensity of TMS was adjusted to individual RMT of the FDI muscle 583 (RMTFDI). 584 585 Sulcus-shape based, linear TMS mapping of M1HAND. We applied a novel linear 586 mapping approach, which we have recently developed in our laboratory to study 587 the somatotopic representation of the intrinsic hand muscles in human M1HAND 588 (Raffin et al., 2015) . The mapping approach uses neuronavigation to deliver TMS 589 at equidistant sites along a line that follows the individual shape of the central 590 sulcus forming the so-called hand knob (Yousry et al. , 1997) . Our sulcus-shape 591 based, linear TMS mapping method yields a one-dimensional spatial 592 representation of the corticomuscular excitability profile in M1HAND (Raffin et al., 593 2015) . We stimulated seven targets placed along the bending of the right central 594 sulcus with a coil orientation producing a tissue current perpendicular to the wall 595 of the central sulcus at the target site. The order of target stimulation was varies 596 across subjects but maintained constant within subjects. Each of the seven targets was first stimulated with 10 single TMS pulses followed by 10 paired TMS pulses. 598
Single-pulse TMS was applied at an intensity of 120% RMTFDI. 599 Paired-pulse TMS was used to measure the magnitude and spatial distribution of 600 short-interval intracortical inhibition (SICI) in M1HAND. Paired-pulse TMS used at 601 an inter-stimulus interval of 2 ms. The intensity of the CS was set at 80% and the 602 TS at 120% of RMTFDI (Roshan et al., 2003) . SICI is thought to be mainly mediated 603 through gamma-aminobutyric acid-A (GABA-A) receptors (Ziemann et al., 1996) . 604
The magnitude of SICI is dynamically modified depending on the motor state. and immobilisation of adjacent fingers). We used the same stepwise multiple 680 regression approach as described above. The only difference was that the total 681 improvement in tracking performance of the non-trained finger from day 1 to day 682 8 as dependent variable. 683
Finally, another set of correlational analyses explored whether the changes in AUC 684 or distance in WMP from day 1 to day 8 correlated with the amount of incremental 685 learning (early learning score: Day 3/Day 2 and late learning score: Day 7/Day 6) 686 and total learning (total learning score: Day 8/Day 1). 687
Visuomotor tracking. Learning of visuomotor tracking movements was assessed 688 from two perspectives. To quantify the total amount of learning after the week of 689 training (referred to as total learning), we compared the final tracking 690 performance on day 8 with performance at baseline using a tracking task with the 691 same difficulty level. To assess the gradual day-to-day improvement in tracking 692 skill (referred to as gradual learning), we quantified mean tracking performance 693 at each day of training and normalized this performance to the associated task 694 velocity to take into account the increase in task difficulty.
Visuomotor performance was quantified using the mean relative error for each 696 block, calculated as the difference in displacement between the tracking finger and 697 a 3 mm target area centred around the target line every 100 ms of the task using a 698 custom-made python script which calculated the percentage of time spent in the 699 tolerance interval for each tracking block (in %). 700
The amount of total learning was determined by dividing the tracking 701 performance measured on day 8 by initial performance on day 1 and expressed in 702 percentage of improvement relative to baseline. We performed a global mixed 703 ANOVA in which the improvement in tracking performance was treated as 704 dependent variable. The finger (index vs. little finger) was treated as within-705 subject factor and the type of intervention (group A vs. group B vs. group C) and 706 which finger received training or immobilization (i.e. subgroup 1 [A1, B1 and C1] vs. 707 subgroup 2 [A2, B2 and C2] as between-subject factors. We also computed a more 708 restricted ANOVA model which only included the groups that actually trained for 709 one week, treating finger (index vs. little finger) as within-subject factor and the 710 type of intervention (group A vs. group C) and which finger received training (i.e. 711 subgroup 1 [A1 and C1] vs. subgroup 2 [A2 and C2] as between-subject factors. 712
Conditional on significant main effects or interactions, we performed follow-up t-713 tests. In Group A and C, we tested whether total learning in the trained finger 714 would predict the transfer of learning to the non-trained finger, using Pearson´s 715 correlation. 716
To analyse gradual learning in group A and C, we multiplied the performance of a 717
given training day with the corresponding tracking velocity to take into account 718 the manipulation in task difficulty and normalized to the first training day. This 719 measure was entered into a mixed effects ANOVA model with day of training (day 2 to day 7) and the type of intervention (group A and C) and which finger received 721 
